The SNARE proteins, syntaxin, SNAP-25, and VAMP, form part of the core machinery for membrane fusion during regulated exocytosis. Additional proteins are required to account for the speed, spatial restriction, and tight control of exocytosis and a key role is played by members of the Sec1/Munc18 family of proteins that have been implicated either in vesicle docking or fusion itself through their interactions with the corresponding syntaxin. Using amperometry to assay the kinetics of single vesicle fusion/release events in adrenal chromaffin cells, the effect of expression of syntaxin 1A mutants was examined. Overexpression of wild-type syntaxin or its cytoplasmic domain had no effect on the kinetics of release during single exocytotic events although the cytoplasmic domain reduced the frequency of exocytosis. In contrast, expression of either an open syntaxin 1A or the I233A mutant resulted in increased quantal size and a slowing of the kinetics of release. The wild-type and mutant syntaxins were overexpressed to a similar extent and the only common defect shown by the syntaxin 1A mutants was reduced binding to Munc18-1. These results are consistent with a role for Munc18-1 in controlling the late stages of exocytosis by binding to and limiting the availability of syntaxin in its open conformation. Modification of the Munc18-1/syntaxin 1A interaction would therefore be a key mechanism for the regulation of quantal size.
The SNARE proteins, syntaxin, SNAP-25, and VAMP, form part of the core machinery for membrane fusion during regulated exocytosis. Additional proteins are required to account for the speed, spatial restriction, and tight control of exocytosis and a key role is played by members of the Sec1/Munc18 family of proteins that have been implicated either in vesicle docking or fusion itself through their interactions with the corresponding syntaxin. Using amperometry to assay the kinetics of single vesicle fusion/release events in adrenal chromaffin cells, the effect of expression of syntaxin 1A mutants was examined. Overexpression of wild-type syntaxin or its cytoplasmic domain had no effect on the kinetics of release during single exocytotic events although the cytoplasmic domain reduced the frequency of exocytosis. In contrast, expression of either an open syntaxin 1A or the I233A mutant resulted in increased quantal size and a slowing of the kinetics of release. The wild-type and mutant syntaxins were overexpressed to a similar extent and the only common defect shown by the syntaxin 1A mutants was reduced binding to Munc18-1. These results are consistent with a role for Munc18-1 in controlling the late stages of exocytosis by binding to and limiting the availability of syntaxin in its open conformation. Modification of the Munc18-1/syntaxin 1A interaction would therefore be a key mechanism for the regulation of quantal size.
The SNARE 1 proteins play a major role in intracellular membrane fusion events (1) . In neurotransmitter release and other forms of Ca 2ϩ -regulated exocytosis the key SNARE proteins are syntaxin1 and SNAP-25 on the plasma membrane and VAMP (synaptobrevin) on the vesicle membrane (2) (3) (4) . It has been suggested that the formation of a stable complex between these three proteins not only allows vesicle docking on its target membrane but also drives membrane fusion (5) . The in vitro fusion mediated by these minimal components is, however, several orders of magnitudes slower than fusion during regulated exocytosis, suggesting the involvement of additional proteins or other factors. Regulated exocytosis is also Ca 2ϩ -dependent and tightly regulated both temporally and spatially (6, 7) . An additional family of proteins that act as SNARE regulators, the Sec1/Munc18 proteins (8) , are conserved and essential components of the fusion machinery.
Genetic manipulations have demonstrated that Sec1 is essential for constitutive exocytosis in yeast (9) and Munc18-1 (10) (otherwise known as n-sec1 (11) ) is essential for neurotransmitter release (12) . Munc18-1 null mutant mice also show a severe impairment of dense-core granule exocytosis in their adrenal chromaffin cells (13) and neurotransmission is substantially reduced in null mutants of the Munc18-1 orthologues UNC-18 (14, 15) and Rop (16) in Caenorhabditis elegans and Drosophila, respectively. Munc18-1 binds with high affinity and in a stoichiometric manner to syntaxin 1A in vitro precluding the binding of SNAP-25 and VAMP to syntaxin 1A (17) . Despite the requirement for Munc18-1 this has been taken as suggesting a possible inhibitory role for Munc18-1. In fact, in some (18, 19) but not all systems (20) overexpression of Munc18-1 orthologues is inhibitory. In the syntaxin 1A-Munc18-1 complex, syntaxin is in the so called closed conformation (21) (22) (23) in which its N-terminal helices are folded back onto the C-terminal SNARE motif (24) . Release of syntaxin into an open conformation is believed to be required to allow syntaxin to associate into the SNARE complex (21, 25) . It is not clear how this dissociation of Munc18 is triggered nor is it known whether the controlled transition between closed and open conformations is an essential aspect of Munc18/syntaxin function. Syntaxin with mutations that create a constitutively open form of the protein (21) has been shown to support neurotransmission in C. elegans and can bypass a requirement for UNC-13 (26) or RIM (27) but surprisingly not the requirement for UNC-18 (28) . This finding suggests that the role of Munc18 is not simply to assist in the provision of syntaxin in an open conformation and is consistent with the existence of syntaxinindependent functions of UNC-18. Much still remains to be learned, therefore, about the functions of the Sec1/Munc18 proteins in the steps leading to membrane fusion.
It is currently hotly debated whether the major function of Munc18-1 is in vesicle docking at the plasma membrane or at the level of membrane fusion (8) . Expression of Munc18-1 mutants in chromaffin cells modifies the kinetics of individual release events consistent with the latter function (29, 30) . Analysis of null mutants has shown defects in vesicle docking in mouse chromaffin cells (13) and C. elegans synapses (28) but not in synapses in the mouse brain (12) . The most likely explanation for these different findings is that Munc18 has multiple roles in both docking and membrane fusion either through its interactions with syntaxin or independently with other proteins. It has also been suggested that Sec1/Munc18 proteins have indirect roles in allowing traffic of syntaxins to the target membrane (31) or in preventing degradation of the cognate syntaxin (32) . The changes in vesicle release kinetics and reduction in quantal size (29, 30) seen in chromaffin cells expressing Munc18-1 mutants with reduced binding affinity for syntaxin could be a consequence of more efficient release of syntaxin from the syntaxin-Munc18-1 complex. Alternatively, the effect might be because of syntaxin-independent effects of the released Munc18-1. To test these possibilities we aimed to express syntaxin 1A mutants with impaired binding to Munc18-1 to see if these had similar direct effects on exocytosis. We have analyzed the effect on regulated exocytosis in chromaffin cells of the expression of syntaxin 1A mutants in either the constitutively open or closed conformations that are impaired in Munc18-1 binding. These mutant syntaxins can both still support exocytosis and resulted in similar changes in vesicle release kinetics with an increase in quantal size. We suggest that the syntaxin/Munc18-1 interaction has a crucial role in regulating the kinetics of late events during membrane fusion.
MATERIALS AND METHODS
Mammalian Expression Plasmids-A plasmid encoding amino acids 4 -285 of syntaxin 1A was a gift from Dr. R. Scheller (Howard Hughes Medical Institute, Stanford University). Site-directed mutagenesis using the Stratagene QuikChange system was used to make the following syntaxin mutants: the constitutively open syntaxin L165A/E-166A (sense primer, 5Ј-CCACGACCAGTGAGGAAGCGGCAGACATG-CTGGAGAGTGG-3Ј; antisense primer, 5Ј-CCACTCTCCAGCATGT-CTGCCGCTTCCTCACTGGTCGTGG-3Ј) and syntaxin I233A (sense primer 5Ј-GGGGAGATGATTGACAGGGCCGAGTACAATGTGGAACA-CG-3Ј; antisense primer, 5Ј-CGTGTTCCACATTGTACTCGGCCCTGTC-AATCATCTCCCC-3Ј). The ⌬TM plasmid encoding the cytoplasmic domain of syntaxin was a gift from Dr. Mary Bittner (University of Michigan).
Recombinant Proteins-A plasmid encoding amino acids 4 -266 of syntaxin 1A fused to glutathione S-transferase (GST) was a gift from Dr. R. Scheller (University of Stanford). This construct was used to generate GST-open syntaxin and GST-I233A syntaxin plasmids by site-directed mutagenesis using the primers described above. GSTsyntaxin recombinant proteins were made as described previously (33) . Recombinant His 6 -tagged cysteine string protein (Csp) 1 (34), Munc18-1 (20) , and ␣-SNAP (35) were prepared as described previously.
Chromaffin Cell Culture, Transfection, and Amperometric Recordings-Bovine adrenal chromaffin cells were isolated (36) and plated onto non-tissue culture 10-cm Petri dishes overnight at 37°C. Unattached cells were resuspended in growth media at a density of 1 ϫ 10 7 /ml, and transfected with 20 g of pEGFP and 20 g of syntaxin plasmid per 1 ml of cells as described previously (37) . Amperometric recordings were made 3-5 days after transfection as previously described (37) . Electrophysiological recording conditions were as described previously. Briefly, cells were incubated in bath buffer (139 mM potassium glutamate, 0.2 mM EGTA, 20 mM PIPES, 2 mM ATP, and 2 mM MgCl 2 , pH 6.5) and a 5-m diameter carbon fiber electrode was positioned in contact with a cell. For stimulation, a cell permeabilization/stimulation buffer (139 mM potassium glutamate, 20 mM PIPES, 5 mM EGTA, 2 mM ATP, 2 mM MgCl 2, 20 M digitonin, and 10 M free Ca 2ϩ , pH 6.5) was pressure-ejected from a glass pipette on the opposite side of the cell and amperometric responses were monitored with a VA-10 amplifier (NPI Electronic, Tamm, Germany). To rule out any variability between cell batches and carbon fibers, transfected cells and untransfected cells as controls were recorded alternately in the same dishes and with the same carbon fibers that were cut between cells. Data from transfected cells was always compared with the respective control cells. For all treatments, cells were derived from multiple cell preparations. The data were subsequently analyzed using Origin (37) . All of the data are shown as mean Ϯ S.E., and statistical differences were assessed using the non-parametric Mann-Whitney test. Amperometric spikes were analyzed for feet in Origin. Foot onset was measured as the point in time when the recorded amperometric current signal twice exceeded the noise level. Foot termination was measured as the beginning of the amperometric currents at the point of temporal intersection; the onset of the amperometric spike proper was isolated by differentiating the trace and using the start time of the differentiated amperometric spike. Feet were measured for maximum current, duration, total charge, and frequency of occurrence.
Immunofluorescence-Chromaffin cells were transfected as described above except using a density of 2.5 ϫ 10 6 cells per ml, per transfection, and plated on glass coverslips in 35-mm diameter Petri dishes at 2.3 ϫ 10 6 per dish. 3 days later cells were fixed in 4% formaldehyde in PBS. Immunofluorescence was performed using a 1/50 dilution of anti-syntaxin monoclonal antibody, HPC-1 clone (Sigma), for 1 h or 1/50 dilution of Munc18 mouse monoclonal antibody (BD Transduction Labs) overnight followed by a 1/100 dilution of biotinylated anti-mouse IgG (Sigma) for 1 h, then a 1/50 dilution of streptavadin/ Texas Red (Amersham Biosciences) for 30 min. Staining was visualized by laser scanning confocal microscopy with a Leica TCS-SP-MP microscope (Leica Microsystems, Heidelberg, Germany) using a 22-m pinhole and a ϫ63 water immersion objective with a 1.2 numerical aperture. Texas Red was imaged using excitation at 543 nm and light collection at 600 -650 nm and EGFP by excitation at 488 nm and light collection at 500 -550 nm. For quantification of fluorescence, the cell area was defined and the Texas Red signal was quantified using the Leica confocal software for transfected and non-transfected cells in the same microscope field. At least 10 cells were imaged and quantified for each condition.
Expression of Syntaxin Constructs in HeLa Cells-HeLa cells were trypsinized, plated at a density of 1 ϫ 10 7 cells per 35-mm culture dish, and cultured in Dulbecco's modified Eagle's medium with 5% fetal bovine serum overnight. Cells were transfected with 1 g of syntaxin construct in mammalian expression plasmid, using 3 l of FuGENE (Roche Diagnostics). After 72 h of incubation, cells were washed in PBS, lysed in 250 l of SDS-PAGE dissociation buffer, separated on a 12.5% SDS-PAGE gel, and transferred to nitrocellulose paper for immunoblotting. Blots were probed with a 1/1000 dilution of mouse monoclonal syntaxin antibody (HPC-1 clone, Sigma) for 1 h, followed by a 1/400 dilution of anti-mouse IgG peroxidase (Sigma) for 1 h, and visualized by enhanced chemiluminescence (ECL) (Amersham Biosciences).
Binding of Recombinant Proteins to GST-syntaxins Using a Microtiter Plate ELISA-GST-syntaxins diluted to 50 nM in PBS were added to a glutathione-coated microtiter plate (BD Biosciences) at 100 l/well, and incubated for 1 h at room temperature to allow binding to the plate (38) . GST proteins were discarded and wells were washed three times with 200 l of PBS ϩ 0.02% Triton X-100 (PBST). Dilutions of HisMunc18 or His-Csp were prepared in binding buffer (20 mM Hepes, 150 mM NaCl, 1 mM dithiothreitol, 2 mM MgCl 2 , 0.5% Triton-X-100, pH 7.4), added to the plate at 100 l/well, and incubated for 1 h at room temperature. The supernatants were discarded and wells were washed three times with PBST. To detect binding of His-tagged proteins to the plate, the following reagents were added for 1 h at room temperature and the plate was washed three times with PBST in between each step. First, a 1/10,000 dilution in PBST of an anti-His 6 antibody (Qiagen), then a 1/5000 dilution in PBST of biotinylated anti-mouse 1gG (Amersham Biosciences), followed by a 1/250 dilution in PBST of streptavidinhorseradish peroxidase (Amersham Biosciences). The substrate
FIG. 2. Susceptibility of syntaxin 1A mutants to proteolysis and analysis of binding interactions.
A, wild-type (w/t) and mutated GST-syntaxin 1A were treated with trypsin for 15 min and cleavage products were detected by Western blotting with anti-syntaxin 1A monoclonal. Samples of undigested (control) proteins are also shown. B, wild-type and mutated GST-syntaxin 1A or GST as a control were incubated with rat brain membrane extract and bound proteins were visualized by silver staining. C, proteins bound to GST-syntaxin 1A from rat brain extract were detected by Western blotting using antisera against the indicated proteins. For each GST protein, duplicate incubations were carried out and analyzed. 3,3Ј,5,5Ј-tetramethylbenzidine (Sigma) was added at 100 l/well and incubated for Ͼ5 min until a blue color developed. The chromogenic reaction was terminated by the addition of 100 l/well of 2 M HCl and the resulting yellow color was read at 450 nm in a microplate reader. The absorbance data were plotted as a hyperbolic best-fit curve. Binding to GST controls was also analyzed and found to be Ͻ5% of that to GST-tagged syntaxins. These background values were subtracted from the data shown. Binding affinities determined from this assay were closely similar to those determined from conventional GST pull-down assays (29) .
Trypsin Digestion of Recombinant Syntaxins-GST-syntaxins at 5 M concentration were incubated in PBS with 60 nM trypsin (type 1X-S) (Sigma) in a final volume of 50 l, for 15 min at room temperature (39) . The reaction was terminated by the addition of 50 l of SDS-PAGE dissociation buffer and boiling for 5 min. Samples were separated on a 15% SDS-PAGE gel and transferred to nitrocellulose paper for immunoblotting using anti-syntaxin antibody, HPC-1 clone (Sigma), at 1/3500 dilution.
Binding of Rat Brain Membrane Proteins to
Immobilized GST-syntaxin-Rat brain membranes were prepared as described previously (4). Glutathione-Sepharose beads (Amersham Biosciences) were washed three times with binding buffer (150 mM potassium acetate, 1 mM MgCl 2 , 20 mM Hepes, pH 7.4, 0.05% Tween 20) . Beads were incubated with 140 g of Escherichia coli protein extract per ml of a 50% slurry of beads in binding buffer for 1 h at 4°C with rotation, then washed three times with binding buffer. GST-syntaxins were added to the beads at a final concentration of 2 M in binding buffer, and a final volume of 200 l, and allowing to bind by incubation for 45 min at 4°C with rotation. Beads were washed using CytoSignal spin filters (CytoSignal, Irvine, CA) initially with two washes of binding buffer plus 1 mg/ml gelatin, then with three washes of binding buffer with 5% glycerol. Proteins were eluted from the beads by the addition of 100 l of SDS-dissociation buffer for 15 min. Samples were separated on a 12% SDS-PAGE gel and silver stained or transferred to nitrocellulose paper for immunoblotting with; 1/1000 Munc18 mouse monoclonal antibody (BD Transduction Labs); 1/1000 SNAP-25 mouse monoclonal antibody (BD Transduction Labs); 1/500 VAMP rabbit polyclonal antibody (Synaptic Systems); 1/200 ␣-SNAP rabbit polyclonal (Santa Cruz); 1/1000 synaptotagmin mouse monoclonal antibody (Synaptic Systems); and 1/1000 complexin rabbit polyclonal (Synaptic Systems).
RESULTS

Characterization of Syntaxin 1A Mutants Impaired in Bind-
ing to Munc18-1-Mutations within the loop between the Nterminal helices and the SNARE motif of syntaxin 1A such as L165A,E166A (henceforth referred to here as open syntaxin) create a constitutively open form of syntaxin 1 that is unable to effectively bind Munc18-1 (21) . To be able to compare the effects of the disruption of Munc18-1 binding independently of the conversion to the open conformation we examined another previously described mutation that changes a residue in the SNARE motif (Fig. 1A) and is thus in a different structural domain. The mutation I223A or its equivalent in the Drosophila orthologue Rop either substantially reduces binding to Munc18-1 or has a partial effect in different studies based on analysis of binding of single concentrations of the syntaxin (18, 40 -42) . We therefore, compared the binding of Munc18-1 to wild-type, open, and I233A GST-syntaxin 1 cytoplasmic domains in a sensitive, quantitative ELISA over a wide range of concentrations of Munc18-1. Wild type GST-syntaxin bound with high affinity (K D of 13 nM) comparable with that found in conventional pull-down assays (Fig. 1B) . Binding of the open mutant was detectable but considerably reduced with the effect being because of a reduction in maximum binding rather than affinity. A weak interaction between the open syntaxin and Munc18-1 has been detected in a yeast two-hybrid assay (50). 
Syntaxin/Munc18 Interactions
In contrast, binding of syntaxin 1A (I233A) was essentially undetectable. On the other hand, the open and I233A mutations had no or relatively little effect on the binding of GSTsyntaxin to another binding partner, Csp (Fig. 1C) . Binding of ␣-SNAP was reduced to the I233A but not the open syntaxin mutant (Fig. 1D) .
The Ile 233 residue is found on the outside of the SNARE motif in close contact with Munc18-1 (Fig. 1A) in the crystal structure of the complex (24) explaining the dramatic effect of this mutation on binding. It can be predicted that this mutation would be unlikely to affect the transition to the open conformation or binding to other SNARE proteins. To check the effect of this mutation on syntaxin 1 conformation, limited proteolysis with trypsin was carried out (39) . Under these conditions wild-type GST-syntaxin 1A was cleaved to produce 29-and 10-kDa fragments. Whereas the open conformation mutant showed an increased susceptibility to trypsin with complete cleavage to the 10-kDa fragment ( Fig. 2A) , the I233A mutant was not reproducibly different than the wild-type protein. After trypsin digestion, the amount of protein remaining in the open syntaxin sample was only 23% of that for the wild-type syntaxin but in the case of the I233A mutant was 93% of wild-type syntaxin. This finding is consistent with a switch of the open but not the I233A mutant to a constitutively open conformation.
Analysis of the effects of the mutations on the binding of the syntaxins to SNAREs or other interacting proteins was carried out using a pull-down assay in which a rat brain membrane extract was passed over the immobilized GST-syntaxins. Particular attention was paid to whether the Munc18-1 binding mutations would give similar or different changes in the interaction with other binding partners. Little or no nonspecific binding to control GST-loaded beads was detected (Fig. 2B) . A similar amount of each of the bound GST-syntaxins was detected in silver-stained gels and close to the stoichiometric binding of (Fig. 2C) . The I233A mutation did not impair binding of other SNAREs and indeed more bound VAMP was detected. As observed in the ELISA, binding to ␣-SNAP of I233A syntaxin 1A but not the open mutant was reduced. No major differences were seen between the wild-type and the two mutants in the binding of synaptotagmin or complexins. As complexins only bind to the assembled SNARE complex (43, 44) this was presumably because of the presence of similar amounts of trimeric SNARE complexes becoming assembled on the beads. The only common difference in interactions between both the mutants and the wild-type syntaxin 1A was the loss of Munc18-1 binding.
Expression of Syntaxin Mutants-The aim of these experiments was to express wild-type or mutant syntaxin 1A in chromaffin cells and examine their effects on exocytosis. We initially aimed to estimate the relative level of endogenous Munc18-1 and syntaxin 1A in chromaffin cells by Western blotting of samples containing a known number of chromaffin cells compared with recombinant proteins (Fig. 3A) . From these data we estimated that the endogenous level of Munc18-1 and syntaxin 1A are ϳ1 ϫ 10 6 and 5 ϫ 10 6 molecules/cells, respectively. It was necessary to establish that these proteins were equally expressed after transfection of the expected size, and correctly targeted especially as Munc18-1 has been suggested to be required for traffic of syntaxin 1A (31) , and interaction with Sec1/Munc18 homologues in yeast has been shown to be required to prevent degradation of syntaxins (32) . The transfection efficiency with adrenal chromaffin cells (1-2%) is too low to allow quantification of protein expression above endogenous levels by Western blotting. We, therefore, examined ex- Syntaxin/Munc18 Interactionspression in transfected HeLa cells. In these cells all of the syntaxin constructs were expressed to similar levels as single polypeptides with no evidence of proteolytic fragments (Fig.  3B) . In chromaffin cells co-transfected with plasmids encoding EGFP and syntaxins, essentially all EGFP-positive cells showed a higher intensity of fluorescence because of anti-syntaxin 1A staining than EGFP-negative cells when using a low antibody concentration in immunofluorescence staining (Fig.  4A) . A syntaxin 1 construct with the transmembrane domain deleted (⌬TM) was diffusely localized. The three full-length syntaxin 1 constructs showed a plasma membrane localization. Quantification of the immunofluorescence showed that all constructs were overexpressed to a similar extent (around 10-fold) over the endogenous protein (Fig. 4B) . Overexpression of the syntaxin 1A constructs did not modify the localization of endogenous Munc18-1, which showed a diffuse particulate pattern (Fig. 4C ) consistent with some being cytosolic as well as its association with chromaffin granules (39) in addition to the plasma membrane.
Effect of Overexpression of Syntaxin 1A or Its Cytosolic Domain on Exocytosis-
We initially aimed to establish the effects of overexpression of wild-type syntaxin 1A or the potentially inhibitory cytoplasmic domain on exocytosis. In these experiments, chromaffin cells were co-transfected with two plasmids, one encoding the syntaxin construct and the other EGFP. Whereas the overall transfection efficiency is low the percentage of co-transfection is at least 95% (37). To limit variability in these experiments, recordings were taken sequentially from non-transfected cells and transfected cells in the same dish to allow direct comparison of data from transfected cells with their respective control cells in each series of experiments. Amperometric recordings from control cells or cells expressing EGFP and wild-type or mutant syntaxin 1A constructs looked very similar (Fig. 5) . Detailed analysis revealed that overexpression of wild-type syntaxin 1 had no effect on the number of amperometric spikes, the time course of exocytosis, or any of the analyzed parameters of the individual spikes (Fig. 6A) . This shows that increasing syntaxin levels does not itself modify exocytosis in these cells and that introduction of syntaxins bearing mutations will be a valid approach for assessing the effect of the mutations.
Expression of the cytoplasmic domain of syntaxin 1A (⌬TM) would be expected to have a dominant negative effect by titrating out binding proteins including SNAP-25, VAMP, and Munc18-1. This construct was inhibitory as expected with a marked (80%) reduction is the number of exocytotic events over the whole time course of release (Fig. 6B) . Despite this inhibition none of the parameters of the residual spikes were different from those of control cells showing that general disruption of SNARE function in this way does not modify the kinetics of individual release events. (Fig. 7A) . In contrast, the open syntaxin 1A mutant changed the characteristics of the vesicle release events and resulted in increases in total charge per spike, half-width, rise time, and fall time of the spikes, indicating that the open mutant could modify both quantal size and the kinetics of single release events. The effects of the I233A syntaxin 1A mutant were similar with no effect on spike number or the time course of release, but changes in the quantal size and kinetics of single release events as seen for the open mutant (Fig. 7B) . Analysis of the frequency distribution of the spike parameters (shown for half-width in Fig. 8, A and B) showed that in control cells there was a wide distribution of spikes. This can be fitted to two Gaussian distributions, indicating the presence of both fast and slow events under control conditions (45) . In cells expressing the open and I233A syntaxin 1A mutants there was a marked increase in the proportion of slow exocytotic events. The overall mean changes because of I233A were larger than those because of the open mutant, but similar effects of both syntaxin 1A mutants suggests that these result from the lack of binding to Munc18-1 rather than to changes in the open or closed conformation of syntaxin 1A.
All of the experiments involved comparison of control and transfected cells in the same dishes with the same carbon fiber. To rule out, however, that the differences observed could have been because of variability between cells with a few transfected cells showing large numbers of slower events, the data were also analyzed on a cell by cell basis with a single value for the mean spike parameters being derived for each cell. The differ- Syntaxin/Munc18 Interactionsences in parameters between mutant-expressing and control cells remained statistically significant in this analysis as seen for the total charge and half-width for the I233A mutant and corresponding control cells (Supplemental Materials Fig. S1 ).
The Changes in Quantal Size Because of Syntaxin 1A Mutants Is Not Because of Changes in Vesicle Loading-Changes in quantal size (charge per spike) detected by amperometry can be brought about by experimentally increasing or decreasing the loading of vesicles with catecholamine. The resulting change in charge is always accompanied by an obvious and significant change in mean spike amplitude (46, 47) . Similarly we found that increased loading with catecholamine following treatment with L-dihydroxyphenylalanine increased both the average charge and the amplitude of the spikes (Supplemental Materials Fig. S2 ). In contrast, with both the open and the I233A syntaxin 1A mutants no changes in spike amplitude compared with controls was observed despite the increases in the mean charge per spike (mean amplitudes were 98.4 Ϯ 4.0 and 107 Ϯ 4.65% of control values for the open and I233A mutants, respectively), suggesting that vesicle loading was not affected by expression of these mutants. It has been shown that a small foot often precedes the main amperometric spike (Fig. 9A) . It has been believed that the foot represents a small quantity of catecholamine released through a fusion pore immediately after fusion (48, 49) and changes in the foot parameters have been attributed to alterations in the behavior of the fusion pore. This assumption that the foot parameters can be directly related to the size of the fusion pore is apparently not valid as the extent of loading of the vesicle with catecholamine also modifies the foot parameters (46) . We analyzed the frequency, magnitude, and duration of foot events and found these to be unmodified by expression of the I233A syntaxin 1A mutant (Fig. 9B) . This finding also provides a strong argument that the changes in quantal size from the amperometric spikes is not related to alteration of vesicle loading with catecholamine. DISCUSSION We have shown that overexpression of wild-type full-length syntaxin 1A has no effect on the extent or time course of exocytosis or on the kinetics of single exocytotic events in adrenal chromaffin cells. Expression of the cytoplasmic domain of syntaxin 1A similarly had no effect on the kinetic parameters of the exocytotic events but reduced their frequency. In contrast, expression of two syntaxin 1A mutants defective in Munc18-1 binding specifically modified the characteristics of single vesicle release events leading to an increase in quantal size and a slowing of the time course of release. An increase in quantal size could potentially be brought about by increased loading of the secretory vesicles with catecholamine (47), but we could exclude this explanation for the changed parameters seen with the syntaxin mutants. The data suggest that syntaxin 1A that cannot interact with Munc18-1 can support exocytosis but result in slower kinetics of the fusion/release events and full release of vesicle contents. These findings are consistent with the notion that the interaction of Munc18-1 with syntaxin 1A regulates membrane fusion to control quantal size.
In addition, to a possible inhibitory role in limiting SNARE complex formation (8) , Munc-18 has been suggested to have four possible positive roles in exocytosis (28) . First, in traffic of syntaxin to the plasma membrane. Second, in priming syntaxin by enabling its transition into its open conformation. Third, in allowing vesicle docking. Fourth, an essential or regulatory role in fusion. Evidence is available to support the latter two roles and it is possible that Munc18 has multiple functions that are both syntaxin-dependent and also involving other interacting proteins (8) . Previous work has demonstrated that null mutants of Munc18-1 in the mouse and its C. elegans orthologue UNC-18 have a reduction in the number of plasma-membrane-docked secretory vesicles in their chromaffin cells or synapses, respectively (13, 28) . Such a phenotype in null mutants and an early role for Munc18-1 in vesicle docking would preclude observation of any additional roles for Munc18-1 at the later step of membrane fusion. Such a late role for Sec1/Munc18 family members is supported by the finding that yeast Sec1 interacts only with the assembled SNARE complex (50) and not individual SNAREs, that synaptic vesicle docking is normal in Munc18-1 null mice (12) , and that certain Munc18-1 mutants modify release kinetics measured during single exocytotic events in chromaffin cells (29, 30) . The R39C mutation or a phosphomimetic mutant (S306E,S313E) of Munc18-1 reduced the affinity of binding to syntaxin, and in amperometric measurements of release their expression resulted in reduced quantal size (possibly because of a switch to kiss and run exocytosis) and faster release kinetics. These effects may reflect physiological regulation of exocytosis via protein kinase C activation (29, 51) . The effect of these Munc18-1 mutants in transfected cells could potentially arise from more ready release of bound syntaxin into the open conformation or alternatively from syntaxin-independent effects of released Munc18-1 mutants that are not bound to syntaxin. To test these possibilities we disrupted the syntaxin 1A/Munc18-1 interaction through two mutations in syntaxin 1A and determined whether these mutants had the same effect on release kinetics as the Munc18-1 mutants.
The I233A syntaxin mutants showed reduce ability to binding to ␣-SNAP but the only difference between the mutant syntaxins and wild-type syntaxin 1A that they have in common is their impaired binding to syntaxin 1A. This suggests that it is this impairment that leads to the similar changes in release kinetics observed in cells expressing either of the mutants. Surprisingly, the two syntaxin 1A mutants both increased the quantal size and slowed the kinetics of release events, i.e. an opposite effect to those seen with the previously tested Munc18-1 mutants. These findings are consistent with an increase in quantal size observed in the residual synaptic events in the C. elegans null mutant of UNC-18 (28) where the endogenous syntaxin would have no UNC-18 interaction. Despite changes in amperometric spike parameters in cells expressing the open or I233A syntaxin 1A mutants, no changes were seen in the frequency or time course of the overall evoked response, suggesting that these mutant syntaxins did not affect early events in the exocytotic pathway such as vesicle recruitment and docking. In fact the open syntaxin mutant did not recruit more SNAREs into a SNARE complex in vitro in this study nor did it recruit more SNAP-25 in a previous study (21) . In addition, there were no changes observed in the frequency or magnitude of the amperometric foot. This small current immediately preceding the amperometric spike is most likely because of release of free vesicular catecholamine through an initial fusion pore (48, 49) . Changes in the frequency or magnitude of the foot signal have been interpreted as indicating changes in the physical nature of the fusion pore. It is more likely, however, that the magnitude of this signal merely reflects the amount of uncomplexed catecholamine present in the secretory vesicle. Changes in catecholamine loading has recently been shown to lead to modification of the foot parameters (46) . In addition, a recent paper interpreting increases in the foot duration because of synaptotagmin overexpression as being an effect on the fusion pore did in fact provide evidence that synaptotagmin overexpression resulted in an increase in vesicle size (52) . We cannot conclude anything directly from our amperometric data on fusion pore size but the lack of effect of the syntaxin mutants on foot parameters or spike amplitude allows the conclusion that the changes in the amperometric spikes were not a consequence of changes in catecholamine content of the chromaffin cell secretory vesicles.
Changes in the characteristics of amperometric spikes evoked in chromaffin cells are not seen in cells in which various aspects of SNARE function are disrupted. In our hands this includes expression of the dominant negative cytoplasmic domain of syntaxin 1A (this study), expression of a dominant negative ␣-SNAP mutant (53), treatment with botulinum toxins C or E that cleave syntaxin or SNAP-25 (37, 54) , or expression of various SNAP-25 mutants (54) . Changes in release kinetics have been observed because of overexpression of complexin II (55) or Csp (53) or disruption of dynamin function (45) . Overall these effects show a high level of specificity with changes in release kinetics and quantal size only seen following particular modifications of SNARE interactions or vesicle retrieval but not in response to changes in the relative amounts of SNARE proteins.
We have now disrupted the syntaxin 1A/Munc18-1 interaction either by introducing mutations into Munc18-1 (29, 30) or into syntaxin 1A (this study) and the effects observed were in opposite directions. How can we account for these phenotypes seen when overexpression of wild-type proteins (or depletion of syntaxin (37) ) is without effect? The ϳ5-fold excess of endogenous syntaxin 1A over Munc18-1 that we have estimated in chromaffin cells is not consistent with a requirement for a stoichiometric interaction between the two proteins. It would be consistent, however, with a role for Munc18-1 in converting syntaxin into a long-lived closed conformation following only a transient interaction in the cell (this could involve an additional protein interacting with the closed conformation of syntaxin 1A). This would explain why overexpression of either of the wild-type proteins has no observable effect if Munc18-1 was already in excess for this "catalytic" function and able to convert even additional overexpressed syntaxin 1A into the closed conformation. The effect of the two syntaxin 1A mutants that we observed would then be because of the fact that one is constitutively in the open conformation and the other (I233A) would be able to freely interconvert between the closed and the open conformation (56) because of its lack of interaction with endogenous Munc18-1. One role of Munc18-1 would therefore be as an inhibitor of full fusion through its maintenance of syntaxin 1A in a predominantly closed conformation. The previously observed effect of Munc18-1 mutants could possibly be explained by an additional syntaxin-dependent function of Munc18-1 on the late stages of exocytosis following release from syntaxin. Overall, the results from these studies point to a role for Munc-18 and the syntaxin/Munc-18/interaction in regulating late stages of exocytosis and thereby quantal size.
1 Supplemental Figures   Fig S1 Analysis of the effect of expression of the I233A mutant of syntaxin 1A based on mean data from all spikes or from cell averages. The data at the top are mean data for total charge and half-width derived from taking all spikes as independent value (500 or 575 spikes from control or transfected cells respectively). The data at the bottom are derived by averaging the spike data from each cells and using these to derive the mean value (24 or 37 control or transfected cells respectively).
